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Synaptic activity regulates the postsynaptic ac-
cumulation of AMPA receptors over timescales
ranging fromminutes to days. Indeed, the regu-
lated trafficking and mobility of GluR1 AMPA
receptors underlies many forms of synaptic po-
tentiation at glutamatergic synapses through-
out the brain. However, the basis for synapse-
specific accumulation of GluR1 is unknown.
Here we report that synaptic activity locally im-
mobilizes GluR1 AMPA receptors at individual
synapses. Using single-molecule tracking to-
gether with the silencing of individual presynap-
tic boutons, we demonstrate that local synaptic
activity reduces diffusional exchange of GluR1
between synaptic and extraynaptic domains,
resulting in postsynaptic accumulation of
GluR1. At neighboring inactive synapses,
GluR1 is highly mobile with individual receptors
frequently escaping the synapse. Within the
synapse, spontaneous activity confines the dif-
fusionalmovement ofGluR1 to restricted subre-
gions of the postsynaptic membrane. Thus,
localactivity restrictsGluR1mobilityonasubmi-
cron scale, defining an input-specific mecha-
nism for regulating AMPA receptor composition
and abundance.
INTRODUCTION
Rapid excitatory synaptic transmission at glutamatergic
synapses is mediated by AMPA receptors, which are
highly mobile at the postsynaptic membrane (Bredt and
Nicoll, 2003; Cognet et al., 2006). AMPA receptors un-
dergo dynamic intracellular trafficking through endocyto-
sis and recycling (Luscher et al., 1999; Ehlers, 2000;
Park et al., 2004), and can diffuse laterally into and out
of the postsynaptic density (PSD) (Borgdorff and Choquet,
2002; Tardin et al., 2003; Groc et al., 2004; Ashby et al.,
2006). Furthermore, activity-dependent regulation of
AMPA receptor mobility and synaptic abundance medi-ates diverse forms of synaptic plasticity (Turrigiano and
Nelson, 2004). Recent studies have found that synaptic
activity regulates the number and subtypes of AMPA re-
ceptors present at the postsynaptic membrane over time-
scales ranging from minutes to days (O’Brien et al., 1998;
Turrigiano et al., 1998; Shi et al., 1999; Harms et al., 2005;
Thiagarajan et al., 2005; Sutton et al., 2006). In particular,
heterologous overexpression of receptor subunits and C-
terminal domains along with analyses of synaptic AMPA
receptor currents has shown that AMPA receptors con-
taining the GluR1 subunit accumulate at activated synap-
ses (Shi et al., 2001).
Electrophysiological and immunocytochemical studies
support a highly localized synapse-specific mobilization
of GluR1 upon synaptic stimulation (Shi et al., 2001;
Matsuzaki et al., 2004; Harms et al., 2005; Plant et al.,
2006). Yet glutamate receptors undergo diffusional ex-
change between synaptic and extrasynaptic compart-
ments (Tovar and Westbrook, 2002; Tardin et al., 2003;
Ashby et al., 2006; Bats et al., 2007), highlighting the
need for input-specific control over the movement of
AMPA receptors. Despite intense study, the molecular
basis for synapse-specific accumulation of GluR1, and
the mechanisms by which nearby synapses maintain dis-
tinct complements and quantities of AMPA receptors, are
unknown. Intriguingly, GluR1 knockout mice have nearly
normal synaptic AMPA receptor currents but reduced
overall functional AMPA receptors (Zamanillo et al.,
1999), suggesting a role for GluR1 in the lateral trafficking
of AMPA receptors between extrasynaptic and synaptic
membranes.
The number of AMPA receptors present at glutamater-
gic synapses has been estimated at 50 to 100 by anatom-
ical methods (Tanaka et al., 2005) and between 60 and 190
using physiological methods (Matsuzaki et al., 2001; Smith
et al., 2003). Single-molecule tracking and fluorescence
photobleaching experiments have revealed that both mo-
bile and immobile receptors are present among this cohort
of 50 to 200 synaptic receptors (Tardin et al., 2003; Ashby
et al., 2006), suggesting ongoing ‘‘online’’ control of recep-
tor diffusion. Indeed, synaptic activity or glutamate bind-
ing regulates the association of AMPA receptors with nu-
merous scaffold and trafficking proteins, but whether
such events are translated into synapse-specific changes
in receptor diffusion or synapse dwell time is unclear.Neuron 54, 447–460, May 3, 2007 ª2007 Elsevier Inc. 447
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Synaptic Activity Traps GluR1Intriguingly, electron microscopy studies indicate that
postsynaptic receptors are enriched in specific subcom-
partments of the postsynaptic membrane (Baude et al.,
1993; Kharazia and Weinberg, 1997; Nusser et al., 1998;
Tanaka et al., 2005), suggesting limited exchange be-
tween PSD subregions. In the case of AMPA receptors, in-
trasynaptic positioning relative to presynaptic release
sites is predicted to markedly influence synaptic transmis-
sion (Franks et al., 2003; Raghavachari and Lisman, 2004).
Such studies suggest tight spatial control over AMPA re-
ceptor lateral mobility at the level of single synapses.
Within minutes after initial synaptic contact, AMPA
receptors accumulate at the postsynaptic membrane
(Friedman et al., 2000) and spontaneous transmitter re-
lease becomes detectable (Zona et al., 1994). This spon-
taneous activity is not required for synapse formation
per se (Harms and Craig, 2005), but instead regulates
the subunit composition of postsynaptic AMPA receptors.
For example, spontaneous activity is sufficient to deliver
GluR4 AMPA receptors to developing hippocampal syn-
apses (Zhu et al., 2000). Similarly, synapse-specific silenc-
ing of neurotransmission causes a reduction in GluR1
AMPA receptors relative to the number found at nearby
active synapses (Harms et al., 2005). These observations
are consistent with models of AMPA receptor trafficking
wherein receptors containing subunits with long car-
boxy-terminal domains (i.e., GluR1, GluR4) are mobilized
to the postsynaptic membrane by activity (Zhu et al.,
2000; Passafaro et al., 2001; Shi et al., 2001). More recent
studies have revealed an unexpected role for spontane-
ous synaptic activity in regulating postsynaptic signaling
(Murphy et al., 1994), spine stability (McKinney et al.,
1999), synapse refinement (Yu et al., 2004), and dendritic
protein synthesis (Sutton et al., 2006), suggesting diverse
functions for spontaneous synaptic activity which remain
poorly understood.
In the present study, we have investigated the effect of
local spontaneous synaptic activity on the diffusional be-
havior of AMPA receptors at individual synapses. We
have focused on the lateral mobility of GluR1, the principal
receptor subtype implicated in activity-dependent synap-
tic potentiation. Using a combination of single-molecule
tracking and selective silencing of individual presynaptic
terminals, we demonstrate that spontaneous synaptic ac-
tivity confines GluR1 AMPA receptors to submicron do-
mains at single synapses. In the vicinity of spontaneously
active synapses, diffusional exchange of GluR1 between
synaptic and extraynaptic domains is markedly reduced,
resulting in the postsynaptic accumulation of GluR1. In
contrast, at neighboring inactive synapses GluR1 is highly
mobile, with individual receptors passing through and fre-
quently escaping the synapse. High-resolution analysis
revealed that, within the postsynaptic membrane itself,
spontaneous activity confines the diffusional movement
of GluR1 receptors to a more compact subdomain of the
synapse. These results define a role for local synaptic ac-
tivity in limiting GluR1 diffusional mobility and demon-
strate an input-specific mechanism for regulating the448 Neuron 54, 447–460, May 3, 2007 ª2007 Elsevier Inc.arrangement and complement of postsynaptic AMPA re-
ceptors. Spatially delimited diffusional trapping of GluR1
thereby links localized molecular compartmentalization
to synapse-specific signaling.
RESULTS
GluR1 Is Less Mobile at Active Synapses
To examine synapse-specific effects of activity on GluR1
trafficking, we employed a genetic strategy to target the
expression of the tetanus toxin light chain (TetTx) to a
subpopulation of hippocampal neurons in primary culture
using lentivirus, while at the same time visualizing the pre-
synaptic boutons of these neurons by coexpression of
synaptophysin-GFP (Figure 1A). Coexpression of synap-
tophysin-GFP and TetTx was ensured by placing the
cDNA for TetTx downstream of an internal ribosome entry
site (IRES) following synaptophysin-GFP. Expression of
TetTx produces an essentially complete block of evoked
and spontaneous neurotransmitter release by the proteo-
lytic activity of the toxin against the requisite synaptic ves-
icle SNARE protein VAMP2 (Harms et al., 2005). Use of
synaptophysin-GFP:IRES:TetTx thus allows inactive or
silent boutons to be selectively visualized. Together with
live labeling of all presynaptic terminals using low concen-
trations of a rhodamine derivative of a mitochondrial
marker (Mitotracker red) (Tardin et al., 2003; Groc et al.,
2004, 2006), nearby active and inactive synapses are
readily identified (see Figure S1 in the Supplemental
Data). In control experiments, Mitotracker red labeling ex-
hibited 84% ± 7% colocalization with the presynaptic
marker bassoon.
Neurons were infected after 7 to 8 days in vitro (DIV7–8)
and were allowed to express synaptophysin-GFP:IRES:
TetTx for 7 to 8 days prior to imaging to ensure ample
time for TetTx expression and VAMP2 proteolysis. Dye
loading experiments using FM4-64 confirmed that presyn-
aptic boutons expressing synaptophysin-GFP:IRES:
TetTx exhibit no detectable synaptic vesicle recycling
(Supplemental Figure S2). Whole-cell voltage-clamp re-
cordings of hippocampal neurons treated with TetTx
(2 nM, 7 days) revealed a complete absence of all large-
amplitude (>300 pA) spontaneous action potential-medi-
ated currents (3.1 ± 1.0 Hz for control versus none ob-
served for TetTx) and a 200-fold reduction in the frequency
of spontaneous miniature excitatory postsynaptic cur-
rents (mEPSCs) (0.86 ± 0.39 Hz for control versus
0.004 ± 0.002 Hz for TetTx, p < 0.01, Mann-Whitney U
test), indicating an essentially complete block of all spon-
taneous activity, whether it be action potential-mediated
or composed of miniature events.
Consistent with previous studies (Harms et al., 2005), in-
dividually silenced synapses positive for synaptophysin-
GFP contained significantly fewer GluR1 AMPA receptors
than nearby active synapses (49.8% ± 10.3% more GluR1
at active synapses; Figures 1B and 1C), but exhibited no
changes in PSD-95 family proteins (98.6% ± 8.9% relative
to active synapses; n = 39 and n = 86 at silenced and
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Synaptic Activity Traps GluR1Figure 1. GluR1 Is Stabilized at Active Synapses but Rapidly Moves through Inactive Synapses
(A) Schematic diagram of experimental approach. GluR1 movement is visualized on a postsynaptic dendrite that receives synaptic contact from
a neuron expressing synaptophysin-GFP:IRES:TetTx (green) whose presynaptic boutons are visible as green due to expression of synaptophysin-
GFP but do not release glutamate (silenced, S) due to coexpression of tetanus toxin light chain (TetTx). The same dendrite receives nearby input
from an untransfected neuron (white), which is spontaneously active (A). All presynaptic boutons are visualized live by Mitotracker red. See Exper-
imental Procedures for details.
(B) Spontaneous activity recruits GluR1. Hippocampal neurons were infected with lentivirus expressing synaptophysin-GFP:IRES:TetTx. Prior to vi-
sualization, neurons were incubated live with a polyclonal antibody directed against the extracellular N-terminal domain of GluR1 to label surface
GluR1 (sGluR1). Neurons were then fixed and inactivated synapses visualized by synaptophysin-GFP fluorescence (sphGFP, long arrows). Glutama-
tergic terminals were visualized by immunocytochemical detection of the vesicular glutamate transporter VGLUT1. sGluR1 was detected by labeling
with fluorescent anti-rabbit secondary antibody. Triple overlap appears magenta (short arrows). Lack of sGluR1 appears cyan (long arrows). Scale
bars, 5 mm.
(C) Data represent means ± SEM of surface anti-GluR1 immunocytochemical labeling at silenced (S) or active (A) synapses. Silenced, n = 46 synapses
on nine neurons from four coverslips. Active, n = 82 synapses on five neurons from four coverslips. AFU, arbitrary fluorescence units. ***p < 0.01;
Student’s t test.
(D) Maximum projections of two quantum dot-labeled GluR1 receptors (GluR1-QD, red) near silenced (green) and active (blue) synapses. The total
area explored by the two GluR1-QDs (labeled QD1 and QD2) during the 52 s imaging period is indicated by red traces. Scale bar, 2 mm. See Sup-
plemental Movie S1.
(E) Individual frames from a time-lapse showing a single GluR1-QD (R1, red arrow) that moves rapidly through a silenced synapse (S, green dashed
circle) before encountering and remaining at a nearby active synapse (A, blue dashed circle). Time in seconds is shown above each frame. Scale bar,
1 mm. See Supplemental Movie S2.active synapses, respectively; p = 0.44). In addition, si-
lenced synapses displayed no detectable change in pre-
synaptic abundance of either the vesicular glutamate
transporter VGLUT1 (110% ± 15.6% relative to active syn-
apses; n = 41 and n = 69 at silenced and active synapses,
respectively; p > 0.1) or the active zone protein bassoon
(108% ± 11.3% relative to active synapses; n = 28 and
n = 58 at silenced and active synapses, respectively; p >
0.1), and no difference in PSD-95, Shank, or bassoon
puncta size (data not shown), in keeping with the overall
preserved synaptic structure and composition reported
upon exposure to tetanus toxin (Harms and Craig, 2005).At both silenced and active synapses, fluorescence inten-
sity of bassoon labeling at individual presynaptic puncta
correlated strongly with the fluorescence intensity of
PSD-95 at the contacting postsynaptic membrane (r =
0.87), indicating that variation in presynaptic terminal size
corresponded with the size of the postsynaptic mem-
brane. Moreover, at the ages in low-density culture exam-
ined (DIV14–16), dendritic spines were relatively rare and
there was no preference for active or silenced synapses to
selectively contact spines. Together, these data indicate
that synaptic activity selectively and locally recruits GluR1
without grossly affecting synapse structure or composition.Neuron 54, 447–460, May 3, 2007 ª2007 Elsevier Inc. 449
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Synaptic Activity Traps GluR1Given the synapse-specific precision of GluR1 enrich-
ment, we hypothesized that recruitment of GluR1 might
arise from selective stabilization or retention of GluR1 at
active synapses. To test this possibility, we monitored
the surface mobility of endogenous GluR1 receptors on
dendrites by rapid time-lapse imaging of individual semi-
conductor quantum dots (QDs) coupled to GluR1 anti-
bodies (Dahan et al., 2003). The movement of single
GluR1-QDs on hippocampal neuron dendrites was fol-
lowed near sites of synaptic contact with active and
silenced presynaptic boutons (Figure 1A). Individual
GluR1-QDs were highly mobile in the extrasynaptic
plasma membrane and frequently passed near or through
one or more silenced synapses during the course of an ex-
periment (Figure 1D and Supplementary Movie S1). In
contrast, GluR1 receptors at active synapses were much
less mobile and often remained tightly associated with
the synapse (Figure 1D and Supplementary Movie S1).
In some instances, individual GluR1-QDs traversed inac-
tive synapses with little hesitation prior to lodging firmly
and remaining at a nearby active synapse (Figure 1E and
Supplementary Movie S2). Although GluR1-QDs were ob-
served to exchange from a silenced synapse to a nearby
active synapse (Figure 1E and Supplementary Movie
S2), rarely did we observe GluR1 receptors move from
an active synapse to an inactive synapse (2/1778 trajecto-
ries). In control experiments, acid stripping (pH 5.5, 1 min)
removed >95% of GluR1-QDs from dendrites, indicating
that imaged GluR1-QDs were at the dendritic surface. To-
gether these results indicate that GluR1 AMPA receptors
at the neuronal plasma membrane move rapidly through
inactive synapses but become physically immobilized at
active synapses, suggesting a diffusional basis for local
activity-induced accumulation of GluR1.
Synaptic Activity Locally Limits GluR1 Diffusion
To determine whether the observed differential mobility of
GluR1 near active and silenced synapses was due to local
changes in lateral diffusion, we constructed trajectories of
single GluR1-QDs acquired at a rate of 33 Hz and calcu-
lated the instantaneous diffusion coefficient (D) (Tardin
et al., 2003). Synapses were labeled with Mitotracker red
as above and silenced synapses expressing synaptophy-
sin-GFP:IRES:TetTx were visualized by GFP fluorescence
(Figure S1). Diffusion coefficients were calculated for all
episodes longer than 250 ms at active synapses, at neigh-
boring silenced synapses, and in extrasynaptic mem-
branes. Plotted histograms of extrasynaptic GluR1 diffu-
sion coefficients revealed a characteristic rightward
tailing distribution (Figure 2A, left). At normal active synap-
ses, GluR1 diffusion was much slower (Figure 2C, left).
However, chronic inactivation of transmission at single
presynaptic boutons resulted in a marked increase in
GluR1 diffusion at synapses (Figure 2B, left). This local ac-
tivity-dependent diffusional trapping of GluR1 was readily
apparent upon examination of individual GluR1-QD trajec-
tories (Figures 2A–2C, right). GluR1 diffusion at silenced
synapses was intermediate between the very low diffusion450 Neuron 54, 447–460, May 3, 2007 ª2007 Elsevier Inc.rates at active synapses and the free diffusion observed in
the extrasynaptic membrane (Figure 2D). This intermedi-
ate diffusion extended across the full range of diffusion
coefficient values (Figure 2D). The uniform shift in the
distribution indicates that the reduced diffusion at active
synapses is not due to the selective stabilization of a
specific subpopulation of GluR1 receptors, but rather
that the diffusion of all GluR1 receptors is coordinately re-
duced. Moreover, these results demonstrate the presence
of both activity-dependent and activity-independent
mechanisms for limiting AMPA receptor diffusion at
synapses.
A change in instantaneous diffusion at the postsynaptic
membrane alone is insufficient to account for a net differ-
ence in the number of receptor molecules at the synapse.
To determine whether the increased diffusion of GluR1 at
inactive synapses corresponds with the loss or escape of
receptors by lateral diffusion, we measured the exchange
of GluR1 between synaptic and extrasynaptic membrane
compartments at active and silenced synapses. At inac-
tive synapses, 76.1% ± 7.6% of GluR1-QDs present at
the synapse departed the synapse at some point during
the 60 s imaging period. In contrast, at nearby active syn-
apses, only 21.4% ± 2.7% of GluR1-QDs exited the syn-
apse over the course of 60 s (Figure 2E). In addition, for
those GluR1-QDs that exited the synapse, the average
dwell time for any given episode at active synapses was
significantly longer (Figure 2F). This latter analysis neces-
sarily underestimates the overall synaptic dwell time,
since only GluR1-QDs, which leave the synapse during
the 60 s imaging period, are included in the analysis
(see Experimental Procedures for details). Also, given
the much smaller fraction of GluR1 receptors that exit ac-
tive synapses (Figure 2E), the actual difference in dwell
times between active and silenced synapses is almost
certainly much larger. Nevertheless, these data show
that synaptic activity locally limits GluR1 lateral diffusion
over spatial dimensions of single synapses and simulta-
neously reduces the rate of release of GluR1 from the
postsynaptic membrane. Moreover, these findings can
quantitatively account for the steady-state recruitment of
GluR1 at active synapses (Figures 1B and 1C) (Harms
et al., 2005).
Local effects of synaptic activity could result from acute
release of glutamate or from long-term structural changes.
To test whether ongoing transmitter release and activation
of postsynaptic glutamate receptors was required for dif-
fusional trapping of GluR1, we acutely blocked basal
spontaneous activity by applying tetrodotoxin (TTX,
1 mm) together with the glutamate receptor antagonists
AP5 (50 mM) and CNQX (10 mM) prior to and during the
imaging of GluR1-QDs. Under these conditions, blocking
activity for either 1 hr or 4 hrs had no effect on GluR1 mo-
bility at previously active or previously silenced synapses
(Figure 2G). In other words, those synapses that had been
active before the addition of TTX/AP5/CNQX continued to
exhibit decreased GluR1 mobility relative to those synap-
ses that had been chronically silenced by tetanus toxin
Neuron
Synaptic Activity Traps GluR1Figure 2. Local Synaptic Activity Reduces GluR1 Diffusion
(A) Surface diffusion of extrasynaptic GluR1. (Left) Histogram of GluR1 diffusion coefficients (D) in the extrasynaptic plasma membrane (n = 1478 tra-
jectories reconstructed from 69 image fields on 13 coverslips; median D value is shown). The pink line indicates the 25%–75% interquartile range
(IQR). (Right) Examples of GluR1 trajectories over extrasynaptic dendritic regions.
(B) Diffusion of GluR1 at silenced synapses. (Left) Histogram of GluR1 diffusion coefficents (D) during episodes spent in inactive synapses (n = 125
trajectories reconstructed from 34 image fields on 13 coverslips; median D value is shown). Pink line, 25%–75% IQR. (Right) Examples of GluR1
trajectories near silenced synapses (green). Trajectory color code as in (C).
(C) Diffusion of GluR1 at active synapses. (Left) Histogram of GluR1 diffusion coefficents (D) during episodes spent in active synapses (n = 175 tra-
jectories reconstructed from 26 image fields on 11 coverslips; median D value is shown). Pink line, 25%–75% IQR. (Right) Examples of GluR1 tra-
jectories at active synapses (red). The distributions in (A)–(C) are statistically different (p < 0.0001 for each pairwise comparison, Mann-Whitney U test).
(D) Cumulative probability plot of GluR1 D.
(E) GluR1 receptors frequently exit silenced synapses. Data represent means ± SEM of the percentage of GluR1-QDs present at silenced (S) or active
(A) synapses that leave the synapse during any portion of the 60 s imaging period. ***p < 0.001, Student’s t test.
(F) Exchanging GluR1 receptors remain for longer periods at active synapses. Data represent means ± SEM of the dwell times of GluR1-QDs at
silenced (S) or active (A) synapses. Note that only GluR1-QDs that depart the synapse are included in the analysis. ***p < 0.001, Student’s t test.
(G) Acute activity blockade does not alter GluR1 mobility at previously active or previously silenced synapses. Hippocampal cultures infected with
synaptophysin-GFP:IRES:TetTx on DIV7 were incubated with 1 mM TTX, 50 mM AP5 (A), and 10 mM CNQX (C) for 1 or 4 hr before imaging on
DIV15. Data represent median D values. Control, n = 125 and n = 175 trajectories at silenced and active synapses, respectively. 1 hr TTX/AP5/
CNQX, n = 13 and n = 11; 4 hr TTX/AP5/CNQX, n = 15 and n = 19. ***p < 0.001 for all pairwise comparisons between previously active and silenced
synapses, Mann-Whitney U test.Neuron 54, 447–460, May 3, 2007 ª2007 Elsevier Inc. 451
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Synaptic Activity Traps GluR1Figure 3. Active Synapses Capture GluR1 Released from Inactive Synapses by Diffusional Exchange
(A) Movement of GluR1 from silenced to active synapses. Shown are example trajectories of GluR1-QDs that begin in a silenced synapse (green),
escape the synapse (black, extrasynaptic), and move to an adjacent active synapse (red). The start point (a) and end point (b) of the trajectories
are indicated.
(B) Plots of instantaneous diffusion coefficient versus time for the trajectories shown in (A). Overlying bars indicate episodes within extrasynaptic
domains (black), silenced synapses (green), or active synapses (red). The start point (a) and end point (b) of the trajectories are indicated. GluR1
exchanges frequently in and out of inactive synapses but remains fixed and immobilized at an active synapse. *p < 0.0001, Mann-Whitney U test.
(C) Single GluR1-QDs exhibit reduced diffusion at active synapses. Each data point represents a single GluR1-QD that began in a silenced synapse (S)
and subsequently moved to an active synapse (A). Bars indicate means. n = 6 trajectories, *p < 0.001, paired t test.prior to addition of TTX/AP5/CNQX. These results demon-
strate that the diffusional trapping of GluR1 at active syn-
apses is not an immediate or acute effect of basal sponta-
neous activity, but rather reflects a longer-term change in
synapse organization.
Active Synapses Capture GluR1
by Diffusional Exchange
The measured differences in GluR1 lateral mobility at ac-
tive and inactive synapses (Figure 2) support diffusional
capture as a mechanism for augmenting GluR1 synaptic
content. Indeed, we were able to directly observe
GluR1-QDs that, upon release from a silenced synapse,
moved to a neighboring active synapse and were rapidly
immobilized for sustained periods (Figure 3A). Notable
during these episodes was the repeated dissociation
and reassociation of GluR1 with inactive synapses, which
was apparent in an analysis of instantaneous diffusion co-
efficient over time as sharp transitions between highly
diffusive (D > 0.15 mm2/s) and reduced diffusive (D %
0.05 mm2/s) states (Figure 3B). This rapid dissociation
and reassociation is consistent with the larger exchanging
fraction and the shorter dwell time of GluR1 at silenced
synapses (Figures 2E and 2F). Furthermore, as with the
observed population differences in diffusion coefficients
(Figures 2B and 2C), the diffusion of single GluR1-QDs
was significantly lower within active synapses relative to
the diffusion of the same GluR1-QD at inactive synapses
(Figures 3B and 3C). These results indicate that changes452 Neuron 54, 447–460, May 3, 2007 ª2007 Elsevier Inc.in GluR1 diffusion are a reflection of the specific synapse
and are not an enduring property of the specific receptor.
Together, these findings demonstrate that the diffusional
behavior of individual GluR1 receptors is locally modified
by synaptic activity and rapidly changes upon reaching
active synapses.
Spontaneous Activity Confines GluR1
Intrasynaptic Movement
Given the above findings that GluR1 diffusion is reduced
at active synapses (Figure 2 and Figure 3), we hypothe-
sized that spontaneous synaptic activity could confine
the range of GluR1 movement within the synapse itself. To
test this hypothesis, we analyzed the lateral mobility of
synapse-associated GluR1 at high resolution. Live imag-
ing of single GluR1-QDs revealed tightly confined move-
ment of GluR1 at active synapses (Figure 4A and Supple-
mentary Movie S3). This confined movement persisted for
several seconds and consisted of small restricted dis-
placements over a synaptic subregion (Supplementary
Movie S3). In contrast, single GluR1-QDs at nearby si-
lenced synapses moved throughout the synaptic region,
often entering and exiting the synapse, and frequently dis-
playing large displacements in the synaptic compartment
(Figure 4B and Supplementary Movie S4). The effect of
spontaneous activity on GluR1 confinement was re-
stricted to single synapses, as indicated by the simulta-
neously confined and mobile behavior of GluR1 at imme-
diately adjacent active and inactive synapses (Figure 4C).
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Synaptic Activity Traps GluR1Figure 4. GluR1 Explores the Interior of Inactive Synapses
(A) Individual frames from a time-lapse showing a single GluR1-QD (R1, red arrow) immobilized at an active synapse (A, blue dashed circle). Time in
seconds is shown. Scale bar, 1 mm. See Supplemental Movie S3.
(B) Individual frames from a time-lapse showing a single GluR1-QD (R1, red arrow) moving rapidly within and near a silenced synapse (S, green). Time
in seconds is shown. Scale bar, 1 mm. See Supplemental Movie S4.
(C) Maximum projections of two QD-labeled GluR1 receptors (GluR1 QD, red) at adjacent silenced (green) and active (blue) synapses. The total area
explored by the two receptors (labeled QD1 and QD2) during the 55 s imaging period is indicated by red traces separated by the dashed white line.
Arrows indicate unexplored portions of the synapse. Scale bar, 1 mm.
(D) Single GluR1-QDs explore large areas within inactive synapses. Shown are five synaptic regions defined as a set of connected pixels obtained
using object segmentation by wavelet transform. Each pixel was divided into 0.0016 mm2 subdomains and coded based on the presence (pink) or
absence (white) of the GluR1-QD at any time during the imaging period as defined by the centroid of a 2D Gaussian function fit to the GluR1-QD fluo-
rescent signal (see Experimental Procedures for details). Coded areas at each synaptic region represent the trajectory of one GluR1-QD. Scale bar,
0.2 mm.
(E) GluR1 explores only small subregions within active synapses. Objects, color code, and scale bar as in (D).
(F) Data represent means ± SEM of the percent of the synaptic surface explored by GluR1-QDs at silenced (S) and active (A) synapses. Silenced,
72.2% ± 11.2% of the synapse explored, range from 58.7%–94.1%, n = 11 synapses on four neurons from three coverslips. Active, 22.3% ±
7.7% explored, range from 10.0%–35.0%, n = 13 synapses on three neurons from three coverslips. *p < 0.01; Student’s t test.Close inspection indicated that single GluR1-QDs at
active synapses seldom appeared to explore the entire
synaptic compartment (Figure 4C, see also Supplemen-
tary Movie S3). To quantitatively examine the submicron
movement of GluR1 within synapses, we took advantage
of the fact that single fluorescent objects can be position-ally placed with a precision well below the resolution limit
of the light microscope (Cheezum et al., 2001). The fluo-
rescent signal from single GluR1-QDs was fit to a 2D
Gaussian function to define the centroid of the object,
and the position of the centroid was then mapped onto
a registered image of the synapse. Synaptic regionsNeuron 54, 447–460, May 3, 2007 ª2007 Elsevier Inc. 453
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Synaptic Activity Traps GluR1Figure 5. Spontaneous Activity Confines GluR1 Movement inside Synapses
(A) Mean square displacement (MSD) versus time for GluR1-QDs in the indicated compartments. Extrasynaptic GluR1 undergoes free diffusion with-
out confinement as indicated by the linear MSD curve. GluR1 receptors at synapses exhibit confined movement within a zone whose radius is defined
by the maximum MSD value approached at the t =N limit. Error bars indicate SD.
(B) GluR1 diffusion is more confined at active synapses. Data represent means ± SD of the confinement radius for GluR1 lateral movement in silenced
(S) and active (A) synapses, as determined by the MSD curves in (A). Silenced, n = 125 trajectories reconstructed from 34 image fields on 13 cover-
slips. Active, n = 175 trajectories reconstructed from 26 image fields on 11 coverslips. ***p < 0.01, ANOVA.
(C) A schematic model for GluR1 lateral diffusion at active and inactive synapses viewed en face. Input-specific spontaneous synaptic activity re-
duces receptor mobility, limits exchange with the extrasynaptic membrane, and confines GluR1 within small subdomains of the postsynaptic mem-
brane. This diffusional trap leads to GluR1 accumulation at active synapses. See text for details.were defined as a set of connected pixels obtained using
2D object segmentation by wavelet transform (Racine
et al., 2007). Based on the pointing accuracy of our optical
system (45 ± 5 nm), each pixel was divided into
0.0016 mm2 subdomains, and these subdomains were
subjected to a binary code corresponding to the presence
or absence of the GluR1-QD at any time point during the
time-lapse image. We restricted our analysis to large syn-
apses (>0.13 mm2) to maximize detection of subsynaptic
events. To avoid transient events that could represent un-
confined diffusion at immediately perisynaptic mem-
branes, only GluR1-QDs with 5 s or more total time spent
in the synaptic compartment during the imaging period
were included in the analysis (see Experimental Proce-
dures for further details). Mean total times for all episodes
spent in the synaptic compartment during the 60 s
imaging period were 22 ± 6 s for silenced synapses (n =
11) and 33 ± 8 s for active synapses (n = 13). Using
this approach, we found that, in the absence of activity,
single GluR1-QDs moved throughout the synaptic region,
exploring the majority of the synapse (Figure 4D). Despite
this wide-ranging movement, subdomains of the synapse
remained unexplored in each case (Figure 4D), suggest-
ing that not all subdomains were equally accessible for
GluR1 diffusion. In contrast, single GluR1-QDs explored
only a small area within spontaneously active synapses,
and were typically confined to a subdomain at the
edge extending to the interior of the synapse (Figure 4E).
Quantitative analysis confirmed a significant reduction
in the total synaptic surface explored at active synapses
(silenced, 72.2% ± 11.2% of the synapse explored,
range from 58.7%–94.1%, n = 11; active, 22.3% ±
7.7% explored, range from 10.0%–35.0%, n = 13;
Figure 4F).454 Neuron 54, 447–460, May 3, 2007 ª2007 Elsevier Inc.To more rigorously measure the zone of GluR1 confine-
ment at synapses and to extend our analysis to a larger
population of synaptic diffusion events, we calculated
the mean square displacement (MSD) of GluR1-QDs
over time. For free diffusion, the MSD is a linear increasing
function of time, and such behavior was observed for
GluR1-QDs moving within the extrasynaptic dendritic
membrane (Figure 5A). In contrast, at both active and si-
lenced synapses, the average MSD plot of GluR1 during
synaptic episodes was curved and approached a quasi-
maximum value at late time points, indicating that synap-
tic GluR1 diffused within a confined zone (Figure 5A). At
active synapses, the maximum approached value of the
MSD curve over time was significantly lower than at si-
lenced synapses (Figure 5A), indicating a smaller confine-
ment zone. Indeed, calculations of the confinement radius
based on a fit of the MSD curves to the relation for con-
fined diffusion (Kusumi et al., 1993) showed that GluR1
movement at active synapses is significantly more con-
fined (confinement radius: silenced synapse, 0.151 ±
0.013 mm; active synapse, 0.096 ± 0.005 mm; p < 0.01,
ANOVA; Figure 5B). Taken together, these findings dem-
onstrate that synapse-specific activity confines the intra-
synaptic movement of GluR1. Moreover, these data
provide strong evidence that AMPA receptors can segre-
gate into isolated subdomains at synapses, and suggest
that local spontaneous activity reorganizes AMPA recep-
tors on a submicron scale.
DISCUSSION
In the present study, we have demonstrated that sponta-
neous synaptic activity triggers the accumulation of GluR1
AMPA receptors by input-specific diffusional trapping of
Neuron
Synaptic Activity Traps GluR1GluR1 at the postsynaptic membrane (Figure 5C). In the
absence of local synaptic activity, GluR1 AMPA receptors
move more rapidly through and within synapses, fre-
quently escaping the postsynaptic membrane. At nearby
active synapses, GluR1 is much less mobile, dwells for
longer periods, and is confined within a subregion of the
synaptic membrane. When in proximity, active synapses
can capture GluR1 released from inactive synapses by dif-
fusional exchange, leading to selective accumulation of
GluR1 at active synapses.
Activity Regulates AMPA Receptor Lateral Mobility
at Single Synapses
Here we have shown that the activity of single synapses
locally restricts AMPA receptor diffusion, effectively trap-
ping GluR1-containing receptors by limiting their lateral
diffusion away from the synapse. At first glance, these re-
sults differ from current models, as input-specific activity
was originally envisioned to promote an active delivery
of GluR1 to the synapse (Passafaro et al., 2001; Shi
et al., 2001; Park et al., 2004; Kopec et al., 2006). Rather,
we have found that GluR1 is less mobile at active synap-
ses and this immobility prevents diffusive loss. These find-
ings can be reconciled in light of recent studies supporting
a two-step process of AMPA receptor synaptic delivery,
which describes an initial exocytic event distant from the
synapse followed by lateral diffusion in the plasma mem-
brane (Adesnik et al., 2005; Oh et al., 2006). Indeed, in-
creasing evidence supports the notion that sites of exo-
cytic and endocytic membrane trafficking lie outside
synapses (Passafaro et al., 2001; Blanpied et al., 2002;
Petralia et al., 2003; Ashby et al., 2004; Racz et al.,
2004; Gerges et al., 2006; Park et al., 2006) and that
a pool of extrasynaptic surface AMPA receptors contrib-
utes to synaptic plasticity (Gardner et al., 2005). In princi-
pal, activity-dependent regulation of synaptic AMPA re-
ceptors could thus be achieved by regulation of
vesicular trafficking, lateral diffusion, or a combination of
both, and to date abundant evidence supports the former.
Now, consistent with the latter, we have found that local
synaptic activity reduces diffusion of GluR1, increases
dwell times for individual GluR1 receptors in synapses,
and decreases the exchange rate of GluR1 between syn-
aptic and extrasynaptic compartments. Thus, local synap-
tic activity couples enhanced vesicular trafficking to re-
stricted surface mobility, providing a dual mechanism for
mobilizing and maintaining synaptic AMPA receptors.
We have found that short-term blockade of basal spon-
taneous activity does not lead to changes in GluR1 mobil-
ity at chronically active or chronically silenced synapses.
This may seem surprising as a large body of work has de-
scribed input-specific trafficking of GluR1 receptors to
synapses and has shown that this trafficking occurs within
minutes (Shi et al., 1999, 2001; Park et al., 2004; Cognet
et al., 2006; Kopec et al., 2006; Plant et al., 2006). Based
on these previous observations, one might have thought
that short-term pharmacological block of activity would al-
ter GluR1 synaptic mobility. On the contrary, we haveshown that the reduced mobility of GluR1 at spontane-
ously active synapses relative to neighboring silenced
synapses expressing TetTx persists after 4 hr of incuba-
tion in TTX/AP5/CNQX. One major difference is that ex-
periments demonstrating rapid GluR1 trafficking have, in
general, been conducted using strong stimuli (e.g., high-
frequency trains of action potentials or pairing protocols)
known to elicit long-lasting synaptic potentiation. In other
words, for rapid GluR1 trafficking, synapses existing in
a ‘‘resting’’ state were subjected to strong activation. In
the present study, we have performed the reciprocal ma-
nipulation, wherein synapses at rest experiencing basal
spontaneous activity were compared with neighboring
synapses experiencing no activity. One possibility is that
stronger activity manipulations, such as high-frequency
tetanic stimulation, could have a more acute effect on
GluR1 mobility at single synapses. We note that GluR4,
an AMPA receptor subunit with a long carboxy-terminal
tail similar to GluR1, traffics to synapses in response to
spontaneous activity over a period of 36 hr (Zhu et al.,
2000), although the precise time course for this spontane-
ous activity-dependent accumulation of GluR4 is not
known. Another possibility is that activity-dependent
changes in diffusion represent a slower homeostatic
mechanism for synapse modification (Davis, 2006). It is
also worth noting that the amount of spontaneous activity
will vary in cultures of different densities and different
ages. Thus, diffusional changes driven by spontaneous
activity that may take several hours to happen in DIV14–
15 low-density cultures may occur faster in more mature
and denser networks.
The mobility of receptors in the plasma membrane is de-
termined by the physical properties and geometry of the
membrane, protein interactions, and underlying cytoskel-
etal organization (Kusumi et al., 2005). The postsynaptic
membrane provides a rich source of receptor binding
partners, actin-based cytoskeletal linkage, and physical
barriers which could form the physical basis for the diffu-
sional trapping of GluR1. Here we have shown that the
diffusional mobility of GluR1 at inactive synapses is inter-
mediate between the free diffusion observed in the extra-
synaptic membrane and the tightly confined diffusion at
active synapses, indicating that glutamatergic synapses
contain both activity-dependent and activity-independent
mechanisms for restricting GluR1 lateral mobility. Consis-
tently, GluR1 participates in a large array of both activity-
dependent and activity-independent protein interactions
(Cognet et al., 2006). Moreover, actin structure and
actin dynamics are highly regulated by synaptic activity
(Okamoto et al., 2004), and in turn can influence AMPA re-
ceptor trafficking and synaptic stability (Zhou et al., 2001),
perhaps by organizing plasma membrane compartments
(Morone et al., 2006). Indeed, at the neuromuscular
junction in Drosophila, a postsynaptic spectrin-actin
lattice organizes synapse microstructure and molecular
spacing (Pielage et al., 2006), suggesting an attractive ba-
sis for intrasynaptic compartmentalization. Intriguingly,
the phosphorylation state of GluR1 is different in synaptic,Neuron 54, 447–460, May 3, 2007 ª2007 Elsevier Inc. 455
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2000; Oh et al., 2006) and controls synaptic incorporation
(Esteban et al., 2003; Boehm et al., 2006), providing a pos-
sible link between intracellular signaling and compart-
ment-specific diffusion. Beyond the synapse proper,
AMPA receptors traffic in lateral extrasynaptic spine
membranes (Ashby et al., 2004), and the geometry of
spines themselves can restrict lateral diffusion at the spine
neck (Richards et al., 2004; Ashby et al., 2006; Holcman
and Triller, 2006). Although spine geometry can have
a large effect on diffusion, experiments described here
were performed on hippocampal neurons that had few
spines (DIV14–16), indicating that activity-dependent dif-
fusional trapping of GluR1 cannot be accounted for by
changes in spine morphology alone. Thus, through di-
verse mechanisms, AMPA receptor lateral mobility can
potentially be tightly tuned. Clearly, it will be important
for future studies to systematically evaluate the precise
roles of actin structures, receptor binding proteins, spine
geometry, and PSD protein composition in local activity-
dependent AMPA receptor diffusion.
In the present study, we have used expression of TetTx
to chronically suppress transmitter release at individual
boutons. Although this manipulation is typically consid-
ered a means to selectively block neurotransmitter re-
lease, it is important to note that long-term expression of
TetTx could inhibit other VAMP2-dependent exocytotic
events. In addition, it is difficult to ascertain the kinetics
of TetTx inhibition of glutamate release since this depends
on the timing of expression of TetTx, its transport to pre-
synaptic terminals, and its enzymatic activity. Obviously,
several days of TetTx expression and associated synaptic
blockade is a strong and necessarily nonphysiological
manipulation. Ideally, one would like to elicit controlled
graded changes in synaptic release while quantitatively
monitoring GluR1 diffusion. We have intentionally used
prolonged expression of TetTx to binarize postsynaptic
receptor mobility into active versus inactive synapses in
order to reveal quantitative differences at nearby synap-
ses which might otherwise be elusive. In a physiological
context, synaptic receptor mobility likely exists on a con-
tinuum ranging from immobile to highly mobile based on
fluctuating levels of activity. It will be important for future
experiments to acutely and reversibly block synaptic
transmission while monitoring postsynaptic receptor
diffusion.
Submicron Receptor Dynamics within the Synapse
At the postsynaptic membrane, PDZ scaffolds and asso-
ciated proteins are organized in the PSD, whose submi-
cron architecture is thought to underlie molecular informa-
tion storage. Electron microscopy has revealed a distinct
3D topography of biochemically extracted PSDs (Pe-
tersen et al., 2003) and a laminar steady-state position
of scaffold molecules within the PSD (Valtschanoff and
Weinberg, 2001) to nanometer-scale resolution. Notably,
both the molecular content (Ehlers, 2003) and physical
structure (Geinisman et al., 1993) of the PSD are regulated456 Neuron 54, 447–460, May 3, 2007 ª2007 Elsevier Inc.by activity, suggesting submicron reorganization. In the
postsynaptic membrane proper, glutamate receptors are
not homogenously distributed (Baude et al., 1993; Khara-
zia and Weinberg, 1997; Nusser et al., 1998; Tanaka et al.,
2005), suggesting limited exchange between PSD subre-
gions. In particular, AMPA receptors are generally more
abundant in the outer edge of the PSD, while NMDA re-
ceptors occupy the central core (Kharazia and Weinberg,
1997; Nusser et al., 1998). Such studies necessarily pro-
vide single snapshots of receptor organization within the
synapse and, in general, the submicron dimensions of
the synapse have hindered analysis of receptor dynamics
directly at the postsynaptic membrane. Here we have
shown that spontaneous synaptic activity confines the
intrasynaptic movement of GluR1 to small subregions of
single synapses.
Taking advantage of the ability to define spatial position
of single particles at a resolution below the optical resolu-
tion limit, we have mapped the movement of GluR1 recep-
tors within a synaptic domain. At completely silenced
synapses incapable of glutamate release, individual
GluR1-QDs explore most spatial positions in the synaptic
membrane. At active synapses, this intrasynaptic move-
ment of GluR1 is restricted to a small compact portion
of the synapse encompassing 20% of the synaptic
membrane. Using centroid localization, we were able to
achieve positional resolutions of 40–50 nm; this is still sev-
eral-fold lower resolution than that of the electron micro-
scope, but nearly an order of magnitude higher than the
spatial resolution in standard live imaging methods for re-
ceptor movement. This resolution approaches that of sin-
gle large macromolecular species or protein complexes.
Using confinement analysis based on the MSD of GluR1
in synapses, we found that spontaneous activity reduces
the average confinement radius of GluR1 by50 nm, a sig-
nificant restriction given the dimension of synapses, and
one that could effectively partition or cordon off subsets
of AMPA receptors to a distinct PSD subdomain. Given
the specific arrangement of glutamate release sites and
the biophysical properties of AMPA receptors (e.g., low
agonist affinity, strong desensitization), such limited mo-
lecular mixing could have significant effects on synaptic
transmission. Interestingly, mathematical simulations
postulate the existence of activity-dependent metastable
clusters of interacting AMPA receptors that contribute to
long-term stabilization of synaptic strength (Shouval,
2005). One possibility is that small clusters of diffusionally
stabilized receptors form part of the hypothetical ‘‘slot’’
apparatus proposed to store molecular information during
postsynaptic plasticity.
In the current study, we have used semiconductor QDs
as fluorescent reporters, which, with a diameter of 10–15
nm, are larger than single organic dye fluorophores and
thus may hinder diffusion in the confined domain of the
synapses (Groc et al., 2004, but see Dahan et al., 2003).
However, recent in vivo particle tracking experiments indi-
cate that intercellular spaces in the brain in situ are much
wider and may be more accessible than measured in
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synaptic sites, we observed GluR1-QDs diffusing into
central areas of synapses, indicating that the particles
have access to the synapse. The QD method has the ad-
vantage of sustained long-term imaging over many min-
utes, permitting extended single-particle tracking that is
not possible with organic dyes, which photobleach within
a few hundred milliseconds (Tardin et al., 2003; Groc et al.,
2004, 2006). A further current limitation of the method
used here is its restriction to the localization of single fluo-
rescent objects (e.g., single receptors, in this case GluR1)
at the synapse. An extension to simultaneous localization
of multiple receptors may be possible in the future with
recent advances in QD methodologies and nanometer-
localized multiple single-molecule fluorescent microscopy
(Qu et al., 2004). In this regard, it will be important for fu-
ture studies to examine whether similar diffusional trap-
ping occurs with other populations of synaptic membrane
proteins in conjunction with GluR1.
EXPERIMENTAL PROCEDURES
DNA Constructs, Antibodies, and Reagents
All cDNAs, antibodies, and fluorescent probes used in the current
study are described in the Supplementary Methods.
Primary Neuronal Culture and Viral Transduction
Hippocampal neurons from 18-day-old rat embryos were cultured as
described previously (Borgdorff and Choquet, 2002). For lentiviral in-
fections, 0.2 – 1.0 3 106 viral particles were added to a 60 mm plate
containing five coverslips and3 ml of media on DIV7–8. Hippocampal
neurons were infected on DIV7–8. Labeling and imaging were per-
formed 7–8 days later between DIV14 and DIV16.
Immunocytochemistry and Synapse Labeling
Surface GluR1 immunolabeling was performed as described previ-
ously (Mammen et al., 1997; Ehlers, 2000). For surface QD labeling,
live hippocampal neurons were incubated with rabbit anti-GluR1-N
(1:200) for 5 min at 37C prior to incubation in 0.1 nM Fab goat anti-rab-
bit QD in PBS preblocked with casein (Vector Laboratories, Burlin-
game, CA) for 2 min at room temperature. Synapse labeling was per-
formed by addition of 5 nM MitoTracker red for 30 s. FM4-64
labeling was performed in high K+ isotonic solution. For details, see
Supplementary Material.
Electrophysiology
Whole-cell voltage-clamp recordings were performed on DIV17–20
hippocampal neurons using standard procedures elaborated upon in
the Supplementary Methods.
Microscopy and Quantum Dot Imaging
Cells were imaged at 35C–37C in an open chamber mounted onto an
inverted microscope (Olympus, IX70) equipped with a 1003 objective
(NA 1.4). QDs, EGFP, Mitotracker red, and FM4-64 were detected by
illumination using a xenon lamp. Excitation and emission wavelength
selection was dually controlled by filter wheels containing band-pass
filters. For QD imaging, samples were illuminated for 30 ms at a rate
of 33 Hz. Imaging times on any given field were 60 s unless otherwise
indicated. For EGFP and Mitotracker red, images were obtained with
an integration time of 50–100 ms. Emitted fluorescence was detected
using a back-illuminated thinned CCD camera (Cascade 512BFT,
Roper Scientific). QD-labeled GluR1 receptors were followed on se-
lected dendritic regions across the coverslip, which contained a mix-ture of active (MitoTracker only) and inactive (synaptophysin-EGFP:
IRES:TetTxLC) synapses. Multiple fields were imaged on each cover-
slip with the total imaging time per coverslip ranging from 10 to 30 min.
Active and inactive synaptic regions were defined as a set of con-
nected pixels obtained using 2D object segmentation by wavelet
transform (Racine et al., 2007). Image acquisition was performed using
Metamorph (Universal Imaging Corp.). Control experiments perform-
ing acid stripping (pH 5.5, 1 min) removed >95% of GluR1-QDs from
dendrites, indicating that imaged GluR1-QDs were at the dendritic sur-
face. In rare instances, endocytosed GluR1-QDs were observed,
which underwent rapid directed movement easily distinguishable
from diffusional movement of surface receptors. Such cases were ex-
cluded from subsequent analysis.
Particle Tracking and Analysis
The spatial distribution of the signals on the CCD originating from indi-
vidual QDs was fit to a 2D Gaussian surface with a full-width at half-
maximum given by the point-spread function of our apparatus. Single
QDs were identified by characteristic blinking fluorescent emission
and uniform size. Tracking of single QDs was performed with custom
software written within MATLAB (The Mathworks Inc., Natick, MA).
Subtrajectories of single QD-receptor particles were continuously
tracked between QD blinks and reconnected across dark blink periods
to produce a complete trajectory based on a maximal allowable dis-
placement of 3 pixels between two frames and a maximal allowable
dark period of 25 frames corresponding to 0.76 s at an acquisition of
33 Hz. D values were calculated by a linear fit of the first 8 points of
the MSD (<r2>) plot versus time according to the relation
MSDðtÞ=<r2>= 4Dt (1)
where by definition
<r2>=
h
i =1
XðNnÞðXi+ n  XiÞ2 + ðyi+ n  yiÞ2=N  n
i
dt (2)
MSD(t) was calculated according to (2) for reconnected trajectories
of more than 100 frames. The pointing accuracy for single QDs was
45 ± 5 nm as determined by the variation in MSD over time for fixed
particles. For extrasynaptic episodes, 1478 trajectories were recon-
structed from 69 image fields on 13 coverslips. For silenced synapses,
125 trajectories comprising episodes in 65 synapses from 34 image
fields on 13 coverslips were analyzed. For active synapses, 175 trajec-
tories comprising episodes at 161 synapses from 26 image fields on 11
coverslips were analyzed. All imaging episodes were 60 s in duration
unless otherwise indicated.
The exchanging fraction of GluR1-QDs was calculated as the
fraction of GluR1-QDs present in a synapse-defined pixel at any time
during the imaging period that subsequently moved to any non-
synapse-defined pixel at a later time. Synapse dwell time was calcu-
lated as the mean duration of each trajectory episode in a synaptic re-
gion, and excluded episodes that ended in a synapse-defined region at
the end of the experiment. This latter exclusion minimizes the artificial
bias for calculated dwell time to otherwise simply reflect the duration of
the imaging experiment for long-dwelling particles, but necessarily
causes an underestimate of the actual dwell time.
For intrasynaptic movement, fluorescent signal from single GluR1-
QDs was fit to a 2D Gaussian function to define the centroid of the ob-
ject, and the position of the centroid was mapped onto a registered im-
age of the synapse. Pixels were assigned to synapse regions defined
by image segmentation using a wavelet transform. For our imaging
system, pixels were 0.0256 mm2. Synapse pixels (Ps) were subdivided
into 16 equal-sided 0.0016 mm2 subdomains (pn) corresponding to the
lower range limit of our pointing accuracy, which was determined by
measuring the MSD <r2> over time for a nominally fixed object. Syn-
apse-defined regions were transformed into Cartesian coordinates,
and the (x,y) coordinates of the corresponding GluR1-QD centroid
were overlaid on this Cartesian space. Although the spatial resolutionNeuron 54, 447–460, May 3, 2007 ª2007 Elsevier Inc. 457
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centroid localization allows determination of single particle position
with much better precision than the length scale defined by the Ray-
leigh criterion (Cheezum et al., 2001), permitting assignment of sub-
pixel spatial position. pn were assigned a binary code corresponding
to the presence (pn,exp) or absence (pn,abs) of the GluR1-QD centroid
at any time during the experiment. Analysis was restricted to large syn-
apses (>0.13 mm2) to maximize detection of subsynaptic events. All
events corresponded to the trajectory of a single GluR1-QD at or
near one synapse. To minimize the influence of transient trajectory in-
tersections of mobile receptors and to avoid including high-frequency
‘‘flickering’’ of QDs present at the edge of the defined synaptic border,
only GluR1-QDs with 5 s or more total time spent in the synaptic com-
partment during the imaging period were included in the analysis.
Mean total times for all episodes spent in the synaptic compartment
during the 60 s imaging period were 22 ± 6 s for silenced synapses
and 33 ± 8 s for active synapses. The fraction of explored synaptic
membrane (Fexp) was calculated as Spn,exp/S(pn,exp + pn,abs). For mea-
surement of confinement radius within the synaptic compartment,
MSD(t) was averaged for the first 500 ms of all intrasynaptic episodes
and the data were fit to the relationship for confined movement
<r2>=4R2=3  128R2=p4
h
n=1;odd
XN
n4exp

4R2=n2p2Dt
i
+ 4D0t+C
(3)
where R is the confinement radius, D is the diffusion coefficient, 4D0 t
is free diffusion of the bounded object, and C is an offset constant as
described (Kusumi et al., 1993).
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/54/3/447/DC1/.
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